Saline areas are a major obstacle to the development of sustainable irrigated agriculture in the Senegal valley. They have been attributed to the incorporation of marine salts in the sediments during the last marine transgression. However, this does not explain their geomorphological situation and geochemical features. They are distributed as strips about 100-200 m wide and several km long, which are composed of two parallel substrips, one located in the depressions of former creek beds, and the other on higher ground on the southern bank. In these two substrips, the chemical composition of salinity and its distribution in the soil suggest that it arises from more than one source. Comparison of saline areas of the middle valley with present-day salt accumulation in the delta suggests a 4-stage salinization process, which involves evaporation from a shallow water table, aeolian salt accumulation as clay dunes, deep transformation of shell beds into gypseous layers under temporary acid conditions induced by oxidation of pyrite under the mangrove vegetation, and secondary salinization by runoff. The 4-stage model agrees with a regional salinity chemical database and the geomorphology of the saline areas. In the Senegal valley the lower middle valley and the delta can therefore be regarded as a chronosequence, the recent salinity features occurring in the delta and the more developed ones upriver at the limit of the marine transgression.
Introduction
Salinization and alkalinization of soils and waters occur widely in arid and semi-arid regions (Szabolcs, 1992) . In the West African Sahelian zone, these problems affect all irrigation schemes, because of poor management of irrigation (Bertrand et al., 1997) . In the Senegal river valley, located in North Senegal and South Mauritania, development of irrigated agriculture is one of the main purposes of the Manantali and Diama Dams (Organisation pour la Mise en Valeur du fleuve Sénégal (OMVS), 1975) . However, the extensive saline soils, which existed prior to establishment of the irrigation schemes, are a major threat to this development. The problem is encountered especially in the delta and lower middle valley (Loyer, 1989; Boivin, 1997) .
In this region, soil salinity has been attributed to a present (in the delta) or former (in the middle valley) shallow, saline water table, resulting from a succession of recent transgressions and regressions of the Atlantic Ocean during the late Holocene (last 6000 years) (Michel, 1973; Le Brusq, 1980; Loyer, 1989; Ceuppens and Wopereis, 1999) . Michel (1973) and Deckers et al. (1997) stated that the last transgression, which started about 2000 years ago (Faure et al., 1980) , was responsible for incorporation of marine salt into the sediments in which the soils have formed (Maymard and Combeau, 1960) . However, preliminary studies in the middle valley showed that saline areas form roughly E-W strips >10 km long and 100-200 m wide (Barbiéro et al., 2001 ). This distribution of salt does not agree with a simple scenario of salt incorporation in the sediment during the latest transgression.
In this paper, we propose a model explaining the distribution of salt, taking into account the geomorphological and geochemical features of the saline areas in the Senegal middle valley and delta, and also a regional database of salinity chemistry.
Site details
In the Senegal valley, the soils have developed from alluvial deposits following the last marine regression that occurred 2000 years ago (Faure et al., 1980) . They form a chronosequence in which the recent soils occur in the delta and older ones, which are more strongly developed, occur upriver in the middle valley at the limit of the last marine transgression. The several processes formerly responsible for soil features in the middle valley are still active downstream in the lower middle valley or in the delta (Barbiéro et al., in press ). We therefore compared salinity
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-3 -characteristics at two sites in the Senegal valley, one along the N'Galenka creek in the Podor region of the middle valley (northern Senegal) and the other in the Diawling National Park in the Senegal delta (southern Mauritania) (Fig. 1) .
The semiarid climate of the area is characterised by a wet season (approximately 200 mm of rainfall) from July to September, a cold and dry season from October to February and a hot dry season from March to June. The temperature averages 23°C in January and 33°C in May, with daily maximum over 41°C. The prevailing winds blow from the NE (Harmattan) in the middle valley and from NE to NW in the delta because of the coastal influence. The dry and warm winds increase evaporative demand and create a plant-water imbalance. Average Class A pan evaporation exceeds average rainfall for each month and by an annual total of 2800 mm (Verheye, 1995) .
The middle valley
The N'Galenka creek, in the Podor region, extends from 16°26' to 16°30' N and from 14°50' to 15°05' W. Two major geomorphological units are distinguished: depressions and former river-banks (FAO-SEDAGRI, 1973) , which are occupied respectively by Vertisols and Fluvisols (FAO/ISRIC/ISSS, 1998). They are known locally as Hollaldé and Fondé soils (Maymard and Combeau, 1960) . Fondé soils contains about 30% clay, and their saturated hydraulic conductivity ranges from 10 -6 to 10 -5 m s -1 (Meyer, 1997). Hollaldé soils contain about 60 % clay, which is composed of smectite (30 to 40 %), kaolinite (35 -40 %), interstratified illite-smectite (15 -20 %), and mica (5 -10 %) (Mohamedou, 2000; Barbiéro et al., in press ). Their saturated hydraulic conductivity is around 10 -7 m s -1
. The Hollaldé soils constitute the best areas for irrigated rice growing because of their suitable physical and chemical properties. The water table occurs generally at about 7 m depth and the electrical conductivity of the groundwater ranges from 0.15 to 1 dS m -1 (Zanolin et al., 1997; Hammecker and Maeght, 2002) .
Surveys of soil salinity in the Podor region have been done at the paddy field scale (1-5 ha) (De Poitevin, 1993; Diba, 1995; Laval, 1996) or over a larger area (288 ha) with a low density of measurements directed towards a geostatistical study of soil sampling (Gascuel-Odoux and Boivin, 1994) . None of these had the objective of understanding the shape and distribution of saline areas in the landscape. More recently, an exhaustive survey of salinity covered a large area of 8000 ha at N'Galenka ( Fig. 2) , revealing 14 saline areas, distributed as strips that are several km long and 100-200 m wide (Cunnac, 1996; Laperrousaz, 1999, Barbiéro et al., 2001) . The strips are related to former creek channels and do not correspond to present-day salt remobilisation. A detailed study of one strip (Fig. 3) showed that it consists of two parallel substrips, a northern substrip lying in the depression of a former creek bed and a southern substrip on slightly higher ground on the southern bank of the creek (Barbiéro et al., 2001 ).
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The delta
In the delta, fieldwork was concentrated between the Birette and Ziré dunes close to the creek Khurumbam, in the Bell basin (Fig. 4) al., 1987; Deckers et al., 1997) . Although this site is today protected from tidal influence by a large embankment, it is partially flooded from July to September during the wet season. The water table is at 0.1 -1.2 m depth and the electrical conductivity ranges from 8 to 130 dS m -1 . Because of salinity, clay dunes are a distinctive feature of this area. From November to June, the salinity of the water and soil increases because of intense evaporation. When the topsoil dries, the increasing salinity and rapid crystallization of salts such as gypsum and halite cause the mud to flocculate forming silt and sand size aggregates, which are vulnerable to wind erosion. These aggregates accumulate on leeward sides of all wind-breaking obstacles to form saline clay dunes (Mohamedou et al., 1999) . The environmental conditions favouring formation of clay dunes are very specific.
They require a prevailing wind during the dry season, temporary saline pan conditions, and a specific clay content in the topsoil (Price, 1963; Vieillefon, 1967 ; Bowler, 1973; Thomas, 1988; Thomas et al., 1993; Barbiéro et al., 1998a) .
Materials and methods

Middle valley
Around Podor, six sites were selected from aerial photographs (Geotronics, 1980) in order to verify the distribution pattern of salinity. A survey of salinity was attempted by soil electromagnetic induction transects (EM38, Geonics, Ltd) (McNeill, 1992) intersecting the structures suspected to be saline on the photographs. Electromagnetic conductivity (ECm) values > 150 mS m -1 were noted and saline areas were hand drawn over the background of aerial photographs. A 20 km-long saline strip, composed of two parallel substrips and crossing the whole N'Galenka region was selected for a detailed study. Four short transects across the strip (T1-T4, Fig. 2 ) were located using electromagnetic induction measurements to maximize the range of salinity sampled (Fig. 3 ). They were respectively 34, 27, 35 and 24 m long. T1, T2 and T3 cross the southern substrip of the saline area, whereas T4 crosses the northern one and is partly in the former creek bed. Soil samples along these transects were taken with a hand auger in a total of 35 profiles (8 on T1, 10 on T2 and T3, 7 on T4), each at four depths (0-0.2, 0.3-0.5, 0.7-0.9, and 1.1-1.3 m).
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The electrical conductivity (EC) was measured on solutions extracted by centrifuging 1:5 soil-water mixtures using distilled-deionized water. Magnesium, sodium, calcium and potassium concentrations in the extracts were measured by atomic absorption spectrometry (Perkin Elmer).
Chloride and sulfate ion concentrations were determined by capillary electrophoresis (Waters Capillary Ion Analyser). The carbonate alkalinity was measured by HCl titration (Gran, 1952) .
The delta
Two soil sequences were studied in the delta, across the Khurumbam creek bed and across the clay dunes fringing the creek. They were respectively 100 and 40 m long (Fig. 4 ). The horizons are described according to the classification for Acid Sulfate Soils of the International Institute for Land Reclamation and Improvement (Dent, 1986) . Topography was determined using a Topochaix ® theodolite. In the first sequence, the soil morphology was reconstructed from 11 holes bored with a hand auger and 3 pits excavated on the main lateral transitions of soil horizons. In the second sequence, it was studied from 15 holes and one pit located at the top of the clay dune. 76 soil samples were taken in the second sequence reaching from in and beneath the clay dune to the creek.
Saturated extracts from these samples were analysed by the methods described in 3.1. The chemical results from the second sequence were presented by Mohamedou et al. (1999) . Salt efflorescences were collected for SEM (XL20 Philips) observations and chemical analysis (LINK Analytical eXL energy dispersive X-ray system).
Regional data base
To estimate how representative our samples from the middle valley and delta were for developing a regional model of soil salinization, they were compared to a regional database of 1784 samples of 1:5 soil-water extracts. The data were from various locations (a-p on Fig. 1 ), most of them obtained before establishment of the irrigated rice growing schemes (Maymard, 1952; Braudeau, 1978 Braudeau, , 1981 Loyer and Diallo, 1979; Loyer and M'Timet, 1979; Le Brusq, 1980; Brito, 1982; Mougenot, 1982; Seiny Boukar, 1983; Loyer, 1989; Laval, 1996; Samba Diene, 1998; Mohamedou, 1998; Barbiéro et al., 1998b; Mohamedou et al., 2001a) . Most of the analyses for this database were made at IRD laboratory (Institut de Recherche pour le Développement, previously ORSTOM) in Dakar.
Results
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Salinity in the middle valley
The relationship between saline strips and geomorphological features at in several sites in the Podor region is presented in Fig. 5 . The survey of soil salinity using the electromagnetic conductivity meter (EM38) reveals a unique pattern: the salt is distributed as strips along former creek beds. The saline strips are frequently divided into two parallel substrips with the northern saline substrip located in the former creek bed, and the southern fringing the creek bed on the southern bank (Figs. 5 a, c, e and f).
The chemical composition of the soil extract is plotted in Piper diagrams (Fig. 6) . Table 1 compares summary statistics for EC, Cl -and SO 4 2-concentrations in the soil extracts from transects at N'Galenka with the regional database. All three at N'Galenka are within the ranges for the regional database.
However, the chemistry differs because average SO 4 2-is greater than average Cl -in all four transects, but less than average Cl -in the regional database.
The concentrations of Cl -and SO 4 2-in samples from the middle valley suggest two groups of samples ( in the former creek bed, where maximum Cl -occurs at depth. The soil system described in sequence 1 also occurs beneath the clay dune of sequence 2 (Fig. 9) . The bleached sandy horizon is well developed but discontinuous. Two shell layers partially dissolved occur in the western part of the sequence, close to the Khurumbam. The clay dune itself is composed of stratified sandy clay loam composed of layers about 1 mm thick; 4 of them, more sandy, were identified in the pit and auger holes. Some former leaves of mangrove vegetation were observed at the base of the dune material. The floor of the clay dune is slightly undulating and higher than the surrounding land surface by about 0.4 m.
Soil system and chemistry in the delta
Samples taken in the delta contained greater concentrations of soluble salt than those from the middle valley. A good correlation (r 2 = 0.98, slope = 0.94) occurs between Cl -and SO 4 2-(+ in Fig. 7 ). In Fig. 7 , the scatter plot continues that of the group 1 samples from the middle valley.
However, some points slightly departing from the correlation (asterisks in Fig. 7 ) are more in continuity with the scatter plot of group 2. These points are for samples taken beneath the clay dune in the shell bed and gypseous layers, and Mohamedou et al. (1999) have shown that the soil solution at such points is at equilibrium with respect to gypsum.
The saline efflorescences on the soil surface and in the clay dune are mainly composed of halite (NaCl) and secondarily of gypsum (CaSO 4 .2H 2 O). Mohamedou et al. (2001a) showed that their composition agrees with that of the water table. As water concentrates because of evaporation, the equilibrium with respect to these two minerals is reached, but the precipitation of thenardite
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4.3.Regional data base
The chemical results were sorted according to their chloride contents and are presented in concentration diagrams (Fig. 10) Mohamedou et al. (1999) showed that even for the greatest ionic strength measured (4.43 M), the solution remains undersaturated with respect to halite. Therefore, precipitation of NaCl is not expected and chloride is a good indicator of the concentration factor. The vertical axis denotes the molarities of the major ions.
Some changes in the chemistry of the 1784 regional water samples occur along the valley. (Figs. 10a, 10b ). There is a strong correlation between the CF for Cl -and Na + (r 2 = 0.99, slope = 1), although some data points depart from the straight line for CF values of 10-200 (Fig. 10c) .
Discussion
Salt accumulations in the delta
Three types of salt accumulation occur at present in the Senegal delta. The first results from evaporation from the shallow water table, causing the precipitation principally of gypsum and halite in the topsoil; this will be referred to as evaporation salinity.
The second type is salt accumulation in clay dunes and will be called aeolian salinity. The clay dunes include further accumulations of gypsum and halite. The distribution of the thin sandy layers in the clay dune indicates that the dunes are fixed and grow symmetrically, which is contrary to the more common sand dunes (Bowler, 1973) . The floor of the clay dune is protected from erosion and is therefore higher than the surrounding ground, which remains exposed to wind erosion.
The third type results from formation of gypsum from biological calcite. The soil in the creek bed (west part of sequence 1 in Fig. 9 ) has the typical morphology of acid sulfate soil (Dent, 1986) . At the top of the profile and eastwards along the sequence, there are standard features arising from acidity following oxidation of pyrite, and also features of acidity controlled by soil alkalinity, between Cl -and SO 4 2-will not be changed because aeolian salinity involves the same salts as evaporation salinity, i.e. gypsum and halite.
When deep gypsum occurs, the pathway followed by the soil solution during dilution in Fig. 11 coincides only partially with the theoretical evolution described above. From pathway 3 to 2, SO 4 2-decreases less than Cl -, because some of the gypsum from the evaporation salinity dissolves.
Because the solution remains at equilibrium with respect to the mineral, the deep gypsum remains undissolved. With further dilution, the soil solution becomes under-saturated and therefore aggressive with respect to gypsum, and deep gypsum begins to dissolve until saturation is reached again. The solution becomes enriched with Ca 2+ and SO 4 2-ions and evolves along pathways 4, 5 or 6 (Fig. 11) ; which depends on the quantity of gypsum in the soil. As long as gypsum is not exhausted, the CF for Cl -decreases but the Ca 2+ and SO 4 2-contents are maintained in the soil solution. After complete elimination of the deep gypsum, Ca 2+ and SO 4 2-decrease in proportion to the dilution effect, i.e. parallel to the slope of the lines drawn in Fig. 11 .
In the samples
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The above theoretical model can explain the relationships between Cl -and SO 4 2-in the delta and in the middle valley. In the delta, the variability in the salinity is due to concentration/dilution of the soil solution, whose chemical composition possibly includes gypsum and halite from aeolian salinity dissolved during rainfall or during Senegal flooding. Dissolution of the deep gypsum is noticed only for some samples taken immediately beneath the floor of the clay dune in the gypseous layers (asterisks on Fig. 7) , where the solution gets enriched in SO 4 2-and Ca 2+ . In the middle valley, the chemical composition of samples from group 1 can be related to concentration-dilution of the same soil solution, in which dissolution of salt from aeolian salinity could have occurred. The samples from group 2 with higher relative proportion of SO 4 2-and Ca 2+ cannot result only from evaporation of the same soil solution as in group 1. Nevetheless, the chemical composition in group 2 agrees with the influence of another source of salt such as deep gypsum dissolution.
Distribution of saline areas in the middle valley
The distribution of the saline strips in the middle valley is similar to that of the clay dunes in the delta. Clay dunes and saline areas are usually located along the creeks on their southern leeward bank. The saline areas have roughly similar dimensions to the clay dunes + creek beds (about 100-200 m wide and several km long), suggesting again that saline areas are related to aeolian salt accumulation in clay dunes. The strong associations between saline strips and former creek channels shown in Fig. 5 suggests that the site studied in the N'Galenka is representative of the region. Similar patterns have already been described at other sites, namely M'Boyo, Donaye and Nianga around Podor. We attribute the southern substrip to the former clay dune associated with the creek and the northern substrip to the former creek bed salinized by runoff containing salt from the southern bank.
Temporal model for salt evolution along the valley
These observations suggest a new 4-stage model explaining the distribution of salinity and the variable composition of the soil solution (Fig. 12) . The quantity of deep gypsum salinity should be influenced by variation in the initial quantities and distributions of the shells and pyrite originally present in the sediment. Isolated centimetric nodules of gypsum are common, but compact slabs of gypsum have been reported in the delta (Loyer, 1989, p. 59) . In Table 1 , the average composition of the transects differs from that of the regional database because desalinization is occurring in the middle valley as suggested in stage 4. At this stage, the deep gypsum is dissolving and influences the soil solution chemistry, increasing the Ca 2+ and SO 4 2-
. In contrast, in many places downriver, the soil solution is still very saline and deep gypsum dissolves very little or not at all.
The data provided by previous reports suggest the regional applicability of this scenario in the Senegal valley (Fig. 10) . The straight line correlation between Cl -and Na + (Fig. 10c ) from a
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However, the organisation of the scatter plots of Ca 2+ and SO 4 2-( Fig. 10a and 10b ) cannot be explained only by concentration/dilution, but with the model including the dissolution of deep gypsum salinity. Our conclusions agree with those of Samba Diene (1998), who attributed the accumulation of deep gypsum to a process independent of the present soil solution chemistry at a site in the lower middle valley.
On Fig 10c, the samples that do not fit the strong correlation between sodium and chloride molarities for concentration factors between 10 and 300 suggest that small quantities of sodium sulfate (thenardite or mirabilite) are possibly incorporated into the deep gypsum, and dissolve with it when dilution occurs. Such precipitation could occur under very acidic conditions, as shown by Mohamedou et al. (2001a) . These samples were collected in a former clay dune at M'Boyo, located about 20 km upstream from Podor. The unusual chemistry of the saline soil solution may be specific to this location or may predict a change in the chemical composition of the saline areas upriver from Podor. We do not have pertinent data to explain the deviation of these samples from the correlation more definitely.
Conclusions
Previous researches in the middle valley of the Senegal River have attributed the formation of saline areas to marine salts deposited in the sediment during the most recent marine transgression. However, this fails to explain the present distribution and features of the saline areas.
Based on their morphology and geochemistry, the presence of saline areas results from the presence of former clay dunes, but their chemical characteristics are explained by a 4-stage salt accumulation involving: 1) concentration in the groundwater because of evaporation, 2) aeolian deflation and clay dune formation, 3) transformation of shell banks into gypseous layers under acidic conditions generated by oxidation of pyrite, and 4) local salinization by runoff. The 4-stage accumulation of salts has developed under restricted environmental conditions, which are similar to those observed today in the delta, where their evolution continues. The regional applicability of this model is supported by a database collected along the valley.
Our results suggest that the soils in the valley form a chronosequence, in which the most recent occur in the delta and the earlier, more developed, soils occur upriver near the limit of the last marine transgression. We have already used the chronosequence concept to describe the pedological processes involved in the development of soil profiles in the valley (Barbiero et al., in press ). It may also be useful in studying the evolution of other soil features, such as the natural control of the acidity of the mangrove swamps and the influence of water alkalinity on possible soil degradation resulting from irrigation.
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The salinization process is currently occurring only in the delta and no longer in the middle valley, where only the salt present at about 60 cm depth can be remobilised by field irrigation. As currently observed in many irrigation schemes, this can cause problems in agriculture. Because the presence of saline areas cannot be easily detected from the soil surface, rapid mapping of saline soil distribution using electromagnetic induction methods and aerial photographs to identify former geomorphological features, is an essential prerequisite for the establishment of new irrigation schemes in this region.
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